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Appropriate function of the neocortex depends on timely generation
and migration of cells produced in the germinal zones of the neo-
cortex and ganglionic eminence (GE). Failure to accurately complete
migration results in cortical dysplasia, a developmental syndrome
implicated in many neurologic disorders. We developed a model of
cortical dysplasia in ferrets involving administration of methylaxozy-
methanol acetate (MAM), an antimitotic, to pregnant ferrets on ge-
stational day 33, leading to dramatic reduction of layer 4 in the
neocortex. Here, using time-lapse video imaging, we investigate
dynamic behavior of migrating cells arising from the GE and cortical
ventricular zone (CVZ) in ferrets and the role of GABAA activity.
Treatment with MAM significantly reduced migration speed and the
relative proportion of cells arising from the GE demonstrating
exploratory behavior. To a lesser extent, the behavior of cells
leaving the CVZ was affected. Pharmacologic inhibition of GABAA

receptors (GABAAR) improved the speed of migration and explora-
tory ability of migrating MAM-treated cells arising from the GE.
Additionally, the expression of α2 and α3 subunits of GABAAR and
the potassium chloride co-transporter (KCC2) increased in the neo-
cortex of MAM-treated animals. After MAM treatment, increases in
endogenous KCC2 and GABAAR combine to alter the dynamic prop-
erties and exploratory behavior of migrating interneurons in ferrets.
We show a direct correlation between increased GABAA and KCC2
expression with impaired migration and ability to explore the
environment.
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Introduction

The laminar organization of the neocortex and its ability to
function depends on timely generation and proper migration
of cells originating from the ventricular zones of the neo-
cortex (CVZ) and ganglionic eminence (GE). Events that ad-
versely impact the migratory process can lead to cortical
dysplasia, a developmental abnormality characterized by
aberrant cell clustering, altered gyral patterns, and changes in
electrophysiological profile (Taylor et al. 1971; Choi and
Mathias 1987; Tassi et al. 2002; Calcagnotto and Baraban
2003; Moroni et al. 2008). The aberrations underlie a vast
number of neurological/neuropsychiatric disorders including
drug-resistant epilepsy, depression, and schizophrenia
(Palmini et al. 1991; Gleeson and Walsh 2000; Zhu and Roper
2000; Ross and Walsh 2001; Calcagnotto et al. 2002). Under-
standing the process of neuronal movement into the neo-
cortex is critical to comprehending the many disorders that
result from disrupted migration.

We developed a model of cortical dysplasia by administer-
ing a short acting antimitotic, methylazoxy methanol (MAM),
to pregnant ferrets on gestational day 33 (E33). Ferrets are the

smallest animal with a convoluted cortex, making them an
important model for neocortical development. The tangential
expansion of the neocortex, which assists in the formation of
the sulci and gyri, relies on proliferation of outer subventricu-
lar progenitors, a cell population found in ferrets and
humans, but absent in rodents (Fietz et al. 2010; Lui et al.
2011; also see Martinez-Cerdeno et al. 2012 for a different
point of view). Our laboratory also found distinctions in the
migratory patterns of interneurons in rodents and ferrets, indi-
cating the importance of studying a more developed model of
neocortex (Poluch et al. 2008).

Treatment with MAM on E33 coincides with the generation
of layer 4 and results in its dramatic reduction and in wide-
spread redistribution of GABAAαR (Noctor et al. 1999; Palmer
et al. 2001; Jablonska et al. 2004). Although the morphology
and overall number of interneurons in the neocortex is not
altered, the laminar position and orientation of interneurons
changes in the MAM model, suggesting that these neurons do
not migrate into their proper target sites (Poluch et al. 2008).
The aberrant redistribution of interneurons and GABAAαR
within the neocortex of MAM-treated animals raises important
questions. 1) Do changes in the distribution of cells arising
from the GE occur as a result of altered dynamic behavior of
migrating GE cells, and, if so 2) are these changes influenced
by the ambient activity of GABA?

Using real-time video imaging and an in vitro migration
assay of organotypic cultures of neonatal ferrets, we observed
the dynamic movement patterns of neurons leaving the GE
and CVZ. Treatment with MAM impairs the speed and
exploratory potential of tangentially migrating interneurons
leaving the GE; the impact of MAM treatment on the migration
speed of cells arising from the CVZ was minimal and no effect
on exploratory behavior was observed. Although cells leaving
the GE and CVZ in MAM-treated animals exposed to GABA
antagonists showed a significant improvement in the speed
of migration, only GE-derived cells displayed improved
exploratory activity. This reinforces the idea that E33 MAM
treatment alters the migration patterns of GE-derived cells.
The changes in the dynamic movement of cells leaving the
GE are related to abnormal levels of GABAA-mediated activity,
which diminishes the capacity of these cells to explore the
environment and effectively migrate to their target within the
neocortex.

Materials and Methods
Timed pregnant ferrets were obtained from Marshal Farms (New
Rose, NY, USA) and maintained in the animal facilities of the Uni-
formed Services University of the Health Sciences (USUHS). Pregnant
ferrets were injected with 14 mg/kg of MAM (Midwest Research Insti-
tute, Kansas City, MO, USA) IP on E33 under isofluorane anesthesia
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(1–2%). After recovery from anesthesia, ferrets were maintained in the
animal facility until their kits were delivered. Handling of animals
complied with the USUHS Institutional Animal Care and Use Commit-
tee policy on the humane use and treatment of animals.

Preparation of Organotypic Slices
Preparation of organotypic cultures was accomplished as previously
described (Palmer et al. 2001). Postnatal day 0 to day 1 (P0–P1) ferret
kits were anesthetized with sodium pentobarbital (50 mg/kg), their
brains removed and placed in ice-cold artificial cerebrospinal fluid
composed of (in mM): 124 NaCl, 3.2 KCl, 2.4 CaCl2, 1.2 MgCl2, 26
NaHCO3, 1.2 NaH2PO4, and 10 glucose bubbled with 95% O2 and 5%
CO2 under a laminar flow hood. Coronal slices (350–500 µm thick)
were prepared from each hemisphere using a tissue chopper (Stoelt-
ing, Co., Wood Dale, IL, USA). Brain slices were transferred into
0.4-µm culture plate inserts (Millicell-CM, Bedford, MA, USA) placed
in 6-well plates containing Neurobasal media with B27, N2, and G1.2
(containing gentamycin and glutamine) supplements. Slices were in-
cubated at 37 °C under 5% CO2. In some experiments, bicuculline
methiodide (BMI; Tocris Bioscience, Park Ellisville, MO, USA) at final
concentrations of 1, 10, or 100 µM was added to the media.

Cell Labeling
Two approaches were used to label migrating neurons. In one ap-
proach, crystals of 1,l′-dioctadecyl-3,3,3,3-tetramethylindocarbocyanine
percholate (DiI, Invitrogen, Carlsbad, CA, USA) were placed in the GE
or CVZ using pulled borosilicate glass pipettes. In another approach,
we used electroporation to focally transfect cells within the ventricular
zone (CVZ) of the GE using a modification of the method described by
Flames et al. 2004. Transfection was accomplished using a plasmid that
codes for red fluorescent protein (RFP), which was cloned into
pCAGGS expression vector (a gift from Dr Tarik Haydar). Between 1
and 3 µL of plasmid DNA (2.7–3.6 µg/µL) was injected into the VZ of
the GE of organotypic slices of ferrets. The cathode of a gene paddle
electrode (Harvard Apparatus, Inc., Holliston, MA, USA) was placed
within the lateral ventricle close to the VZ of the GE while the anode
was placed closed to the pial surface in an appropriate position. A
pulse of 60 V was applied 4 times, each lasting for 50 ms at intervals of
950 ms using a BTX ECM830 pulse generator (Gal et al. 2006; Harvard
Apparatus, Inc., Holliston, MA, USA). Slices were incubated as above
for at least 24 h prior to video imaging.

Video Imaging
After incubating organotypic slices for 24 h (CVZ-derived) or 48 h
(GE-derived) for analysis, migrating neurons were continuously visu-
alized using an Axiovert 200 inverted microscope fitted with an
apotome and Axiovision software (Carl Zeiss AG, Oberkochen,
Germany). The microscope was fitted with an incubation chamber
and a holder for the slices, which were maintained with humidifi-
cation at 37 °C and 5% CO2. Serial stacks of images taken through the
thickness of the slice were collected using a ×10 objective every 30
min for 24 h. The image stacks were collapsed into a single frame
prior to analysis of migration. Migrating cells leaving the GE were
analyzed after crossing the corticostriatal boundary into the
neocortex.

Analysis of Migration
To measure speed, migrating cells captured in real time were tracked
using ImageJ software (http://rsb.info.nih.go/ij) and the tracked dis-
tances measured and expressed over time (to obtain the speed in real
time) using a program written in R statistical language (R Develop-
ment Core Team 2009). Also, the orientation of migrating cells leaving
the GE cells (either tangential or radial) and exploratory activities
were quantified for each migrating cell. Cellular orientation was con-
sidered to be either tangential or radial, and determined by the pos-
ition of a migrating cell in relation to the lateral ventricle or the pia.
Migrating cells were considered to be moving tangentially if they
were within 20° of a parallel orientation to the lateral ventricle. They

were considered to be moving radially if they were within 20° of a
vertical orientation to the pia. Cells of other orientations were not con-
sidered in the analysis of orientation of movement. The distribution
of migrating cells leaving the GE within the neocortex in both normal
and MAM-treated animals was determined using Axiovision software.
To do this, the neocortex was divided into 3 roughly concentric
regions (0–350, 350–700, and >700 μm) from the border of the GE VZ
and labeled neurons found within the various bins were counted and
expressed as a percentage of the total number of cells.

Western Blot Analysis
The neocortex was dissected from organotypic slices of normal and
MAM-treated P0-P1 ferret brains (prepared as described above),
frozen on dry ice, and preserved at −82°C prior to use. Tissues were
homogenized using RIPA lysis buffer (Santa Cruz Biotech, Santa
Cruz, CA, USA) followed by centrifugation at 14 000 g at 4 °C. Protein
concentration was estimated using a colorimetric assay. Proteins were
separated by SDS-PAGE using 10% Bis-Tris gel and electrophoretically
transferred to a PVDF membrane (Invitrogen, Carlsbad, CA, USA). A
loading volume of 10 μL containing 1–2 μg of protein was used for
each analysis. Membranes were incubated with Casein blocking
buffer (PBS (0.5 M NaCl) + 3% Casein + 0.5% Tween-20) overnight, fol-
lowed by affinity purified rabbit polyclonal antibodies directed
against GABAAα2 (1:200; ProSci, Inc., Poway, CA, USA), GABAAα3

(1:2000; Sigma, St. Louis, MO, USA), KCC2 (1:500, Millipore, Billerica,
MA), and monoclonal anti-actin (1:3000, NeoMarkers, Fremont, CA)
for 24 h. Following several washes with PBS, protein bands were de-
tected using HRP-conjugated anti-rabbit secondary antibodies
(1:1000, Jackson Lab., West Grove, PA, USA) and HRP-conjugated
anti-mouse (1:3000, Thermo Scientific, Rockford, IL, USA) and visual-
ized using enhanced chemiluminescence detection. Signal intensities
were quantified using Image j software (http://rsb.info.nih.go/ij).

Statistics
The χ2 distribution test was used to analyze distribution of GE cells
within the neocortex. For all other analysis, Student’s t-test or a 1-way
analysis of variance followed by a Tukey or least significant difference
post hoc test was applied and differences evaluated at P < 0.05.

Results

General Properties of Normal and MAM- Treated
Migrating Cells Leaving the GE
We previously reported that cells leaving the GE in MAM-
treated animals exhibit abnormal characteristics, specifically
showing orientations that differed from control cells (Poluch
et al. 2008). To further characterize the migratory behavior of
cells leaving the GE or the CVZ, we applied an in vitro live-
video imaging assay to continuously view migrating cells. Our
earlier work demonstrates that at P0–P1 in the ferret, the
medial and lateral GE are fused, thus we will refer to our label
as directed to the fused GE (Poluch et al. 2008). Migrating
cells exiting the GE or CVZ of organotypic slices were labeled
using electroporation with plasmids that code for RFP or in-
jections of DiI. Both forms of identifying cells were used for
analysis. An example of a slice labeled by electroporation can
be seen in Figure 1A. Higher power views of cells en route to
the cortical plate are shown in Figure 1B,C. These cells have
varied orientations as well as morphology; the dynamic fea-
tures change when observed in real time. After allowing the
cells to move away from the GE or CVZ, the dynamic pattern
of migration was captured in real time. GE-derived cells
moving into the neocortex adopt different orientations and
take different routes. A number of migrating neurons course
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through the VZ or subventricular zone (SVZ), many orient in a
tangential direction (Fig. 1D, red arrows). A different group of
more superficially labeled GE-derived cells display both tan-
gential (yellow arrows) and radial (green arrows) orientations.
Many of the radially oriented cells point in the direction of the
pial surface. However, some of the radially oriented cells have
their leading edges directed toward the VZ (Fig. 1D,E, blue
arrows). These observations support our previous report in the
ferret that similar to rodents, tangentially migrating cells
leaving the GE follow 3 paths including one close to the VZ,
one in the IZ, and one superficially near the marginal zone

(not shown in this case) (Poluch et al. 2008). We observe here
that migrating cells leaving the GE alter their morphology as
they transit from point to point, generating distinct morpho-
logical features. In static images, the labeled cells are either
unipolar (the cell posses a single leading unbranched process
(Fig. 1F-a), display a branched process (Fig. 1F-b), are bipolar
(both leading and trailing processes Fig. 1F-c), or multipolar
(multiple processes emanate from the soma of the cell
(Fig. 1F-d). These features are similar for normal and MAM-
treated cells leaving the GE; the images in Figure 1 were ob-
tained from MAM-treated slices, both DiI and electroporated.

Figure 1. Images of migrating neurons leaving the ganglionic eminence (GE) of a normal ferret. (A) Example of an organotypic culture obtained from a P0 ferret labeled by
electroporation using a plasmid that codes for red fluorescent protein (RFP). (B,C) Higher power views of cells en route to the cortex revealing varied orientations and
morphologies of migrating GE cells. B is taken from the boxed in region of A and C is from a different normal slice culture. The arrows indicate the path of the migrating cells.
GE: ganglionic eminence; CVZ: cortical ventricular zone. (D) Migrating GE-derived neurons labeled with DiI in an organotypic culture of a MAM-treated animal display different
orientations and positions within the neocortex: tangentially migrating GE cells within the VZ/SVZ region (red arrows), tangentially migrating GE cells within the intermediate zone
(yellow arrows), radially oriented GE cells in the intermediate zone (green arrows) and radially oriented GE cell directed toward the ventricle (blue arrows). (E) A different
organotypic culture of a MAM-treated animal labeled with DiI, showing similar orientations of migrating cells. Arrows mark the different orientations and positions of cells within
the neocortex as described above. (F) Higher power images of cells obtained from several labeled organotypic cultures from both normal and MAM-treated animals; various
morphologies can be seen including those with a single leading unbranched process (a), those with single leading but branched processes (b), bipolar cells (c), and cells with
multiple leading processes (d). The images shown in (d) are from an electroporated slice, while those from (a) to (c) are from DiI-injected slices. GE, ganglionic eminence; LV,
lateral ventricle. Scale is for F.
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Although the general trend of movement for cells leaving
the GE is towards the neocortex, individual cells move in all
directions and often alter their course of direction (Sup-
plementary material Movie 1). Cells may emit one or more
processes and move in the direction of the new branch (e.g.
Supplementary material Movie 2), or emit branches and con-
tinue in the same direction or not move at all, but only
explore the environment for a time (Supplementary material
Movie 3). We also frequently observed nucleokinesis in which
the nucleus moves within the cytoplasm of a cell in the direc-
tion of the leading process (as described by others such as
Nadarajah et al. 2001, Martini et al. 2009, Supplementary
material Movies 2 and 3). This process usually precedes the
point-to-point translocation of the cell during migration.
These general patterns of movement are also similar for
normal and MAM-treated GE-derived cells.

Dynamic Behavior of Cells Exiting the GE in Normal
and MAM-Ttreated Slices
Our earlier work indicates that after treatment with MAM, in
addition to changes in orientation while migrating into the
cortical plate, several subtypes of interneurons are redistribu-
ted in the neocortex of juvenile ferrets (Poluch et al. 2008). To
assess the factors contributing to the altered distribution, we
evaluated specific dynamic parameters of cells leaving the GE
in normal and MAM-treated animals, including the speed,
orientation of movement, and exploratory behavior (defined
as extension of new processes and changes in the direction of
movement).

Speed and Orientation of Movement
The migratory speed of GE-derived cells was measured as de-
scribed in the Materials and Methods section. Cells leaving the
GE in organotypic cultures of normal ferrets migrated signifi-
cantly faster (37.435 μm± 0.87/h) compared with similar cells
in animals treated with MAM (32.985 μm± 0.73/h) (Fig. 2A).
Because migrating interneurons from the GE move in both
tangential and radial orientations (e.g., Fig. 1D and also Ang
et al. 2003; Tanaka et al. 2003, 2006), we examined the
relationship of speed to these 2 orientations during movement
and assessed distinctions between normal and MAM treatment
for radial versus tangential travel. Cells were considered to be
traveling tangentially when they oriented within 20° parallel
to the lateral ventricle; examples can be seen in cells ident-
ified by red and yellow arrows in Figure 1D. We determined
cells to be moving radially when their leading edge oriented
toward and perpendicular to the pial surface, also within 20°
of this measurement. After this analysis, we observed that
normal cells traveling in both radial and tangential directions
migrated significantly faster than MAM-treated cells (Fig. 2B).

To investigate if changes in the speed of migration affect
the final distribution of migrating neurons, we assessed their
positions in organotypic slices of normal and MAM-treated
animals after 48 h of incubation. We divided the neocortex
into 3 roughly concentric regions (0–350, 350–700 and >700
µm) from the point of DiI injection in the GE using Axiovision
software (Fig. 3A). The total number of migrating GE cells
in each sector was computed; the amount of cells in each
sector of the normal and MAM-treated organotypic slices were
compared and presented as percentages of the total. Although
slightly more cells in normal organotypic slices migrated
further away from the GE as revealed by the higher percent in

the region 700 µm from the GE, the overall distribution
across the 3 sectors was not significantly different (Fig. 3B).
In other words, the cells leaving the MAM-treated GE moved
slower, but eventually situate at similar distances away from
the GE.

Exploratory Behavior of GE-Derived Neurons in Normal
and MAM-Treated Slices
Migrating GE-derived cells are influenced by a variety of sig-
naling molecules that induce stereotypic migratory activity,
which we refer to as exploratory behavior. Two parameters
defined exploratory behavior in our study: 1) process exten-
sion or the ability of migrating cells to extend more than one
leading process and 2) turns or changes in direction of move-
ment, in which a deviation >45° from the initial course of
movement occurred. In Figure 4A, the green arrow indicates a
cell-changing direction, while the red arrow shows a cell
branching and also changing its direction of movement. To
determine if treatment with MAM alters the ability of
migrating GE-derived cells to explore the neocortical environ-
ment, migrating cells were observed during live-video
imaging for 24 h. For several examples, the path of multiple
migrating cells was traced using ImageJ. The movement was
tracked for a period of at least 8 h and the position of each
cell recorded. Figure 5A,B illustrate that the general pattern of
movement in the MAM-treated tracks of cells (Fig. 5B) show
fewer changes in their direction when compared with the
normal patterns of movement (Fig. 5A). Changes in the trajec-
tory of movement are indicated in the images with red dots.
The quantification of movement patterns is seen in Figure 4B,
which demonstrates that the tracks of normal cells completed
more changes of direction in their movement patterns (i.e.,
turns) compared with the MAM-treated cells. The percent of
cells displaying process extension or turning in each slice was
calculated for normal and MAM-treated organotypic cultures.
Cells were scored negative if they did not display any of these
behaviors during the observed period of time. In MAM-treated
slices, fewer cells leaving the GE extended more than one
leading process in comparison with cells in normal animals.
In addition, the percent of cells that performed turns was
fewer after MAM treatment (Fig. 4B).

Interference with GABAA-Mediated Activity Affects
Migratory Behavior of GE-Derived Cells in MAM-Treated
Animals
The migratory behavior of interneurons entering the neo-
cortex is regulated by a variety of signaling molecules includ-
ing GABA (Lopez-Bendito et al. 2003, 2008; Cuzon et al.
2006; Heck et al. 2007; Bortone and Polleux 2009, Inada et al.
2011; Lysko et al. 2011). We previously demonstrated that
treatment with MAM leads to a widespread redistribution of
GABAAα receptors; increasing GABAAR-mediated activity in
normal organotypic cultures also interferes with the orien-
tation of interneurons as they migrate into the cortical plate,
similar to the effect of MAM treatment (Jablonska et al. 2004;
Poluch et al. 2008). These findings suggest that GABA activity
is unusually high after MAM treatment and manipulating the
level of GABA activity may alter the positioning of neocortical
interneurons. We predicted that treatment with GABAA antag-
onists would shift the dynamic behavior of neurons originat-
ing from MAM-treated slices toward normal. The speed and
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exploratory behavior of migrating cells in normal and MAM-
treated slices was evaluated as described previously after
adding the GABAA antagonist BMI to the media. To test the
relationship between dose and response to BMI, we used con-
centrations of 1, 10, and 100 µM added to the media. All the
concentrations of BMI significantly increased the speed of
migration in the MAM-treated group to be closer to normal
(Fig. 6A). To evaluate exploratory behavior, we observed that
exposing organotypic slices of E33 MAM-treated brains to
varying concentrations of BMI resulted in the 2 higher con-
centrations of BMI causing rescue of process extension. The
percent of migrating cells extending more than one leading
process increased at these concentrations and was nearly
identical to those of normal cells migrating away from the GE
(Fig. 6C). The number of turns, or alterations in the direction
of movement, however, only changed after adding the highest
concentration of BMI to the media. The increase in turning
behavior was only significant at this highest level (Fig. 6C).
This matches our prediction that decreasing GABAA activity in
MAM-treated brains results in more normal behavior (Fig. 6A,
B). When blockade of GABAAR was tested in normal organo-
typic cultures, we found no changes in exploratory behavior,
however, BMI decreased the migration speed of cells gener-
ated in the GE (Fig. 6B,D).

Treatment with MAM has Minimal Impact on Migratory
Behavior of Neurons Originating from the Cortical
Ventricular Zone
Our previous observations indicated that tangentially
migrating GABAergic neurons were specifically disoriented
in MAM-treated ferrets (Poluch et al. 2008). To test if the
changes in the dynamic behavior of migrating interneurons
were limited to the neurons originating from the GE, we
examined the migration of neurons from the CVZ to the neo-
cortex using live-video imaging. Organotypic slices were in-
jected with DiI in the neocortical VZ and only slices in which
the DiI label was confined to the VZ were used for analysis.
In this regard we limited the labeling of cells arising from the
GE in the vicinity of the CVZ. We hoped to insure that the
labeled cells migrating away originated entirely from the CVZ.
An example of an injection site and cells migrating away from
the CVZ can be seen in Supplementary Figure S1. We
measured the speed and exploratory behavior of cells leaving
the CVZ in normal and MAM-treated slices. We found no sig-
nificant differences in the parameters analyzed for exploratory
behavior between the 2 groups; therefore, no distinctions in
turning or branching occurred between normal or MAM-
treated cells leaving the CVZ (Fig. 7B). This is also true when
we added BMI to the organotypic cultures of CVZ-derived

Figure 2. Effect of MAM treatment on the speed and orientation of migrating interneurons leaving the ganglionic eminence and traveling to the neocortex. (A) Neurons leaving
the GE travel faster in normal slices compared with those in MAM-treated slices, n= 435 cells (normal) and 458 cells (MAM-treated). (B) Cells traveling in either the radial or
tangential direction travel slower in MAM-treated slices. Tangentially migrating cells: n= 129 (normal), 105 (MAM-treated); radially migrating cells: n= 223 (normal), 348
(MAM-treated). Significance determined using Student’s t-test; *P<0.05. Error bars = standard error of mean.

Figure 3. Distribution of cells leaving the GE and traveling to the neocortex. (A) To determine if cells migrated different distances after treatment with MAM, roughly concentric
regions were created to count the neurons that traveled up to 350 μm from the border of the GE VZ, from 350 to 700 μm from that border, or greater than 700 μm from the
center of DiI injection. (B) After 48 h in culture, there were no significant differences in the overall distribution of cells leaving the GE in normal slices versus those in
MAM-treated slices, A χ2 distribution showed no significant differences. n= 12 slices (MAM-treated), 10 slices (normal). Error bars = standard error of mean. GE, ganglionic
eminence.
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cells and assessed exploratory behavior; there were no differ-
ences between normal and MAM-treated cells leaving the CVZ
(Fig. 7D). Analysis of migration speed, however, elicited dis-
tinctions between the 2 groups (Fig. 7C). Comparison
between normal and MAM-treated cells leaving the CVZ
showed that treatment with MAM results in slower moving
cells, but the difference in speed did not quite reach signifi-
cance (P < 0.06). Adding BMI to the media resulted in an in-
crease of speed for the MAM-treated CVZ-derived cells,
similar to the result seen for GE-derived cells. For the cells
leaving the normal CVZ, however, BMI treatment caused a de-
crease in the speed of migration of normal cells leaving the
CVZ (Fig. 7C). This result fits our overall hypothesis that

altered GABAAR activity interferes with normal migration as
was seen for the control cells leaving the GE (Fig. 6C).

Treatment with MAM Increases the Expression of
GABAAα2, GABAAα3 Receptor Subunits, and KCC2
Our previous studies strongly suggest that GABAA receptors
and GABA activity are increased in the neocortex of MAM-
treated animals (Jablonska et al. 2004; Poluch et al. 2008).
Here, we also show that blockade of GABAA-mediated activity
ameliorates the deficits in dynamic activity after MAM treat-
ment. To further assess the role of GABA in mediating the
movements of migrating cells leaving the GE following treat-
ment with MAM, we determined the level of expression of

Figure 4. Effect of MAM treatment on the ability of migrating GE cells to extend multiple leading processes and initiate a change in direction of movement. (A) Sequence of
images of DiI-labeled GE cells during time-lapse imaging for 8.5 h. Two cells are indicated with either a red or green arrow and followed over time. The cell labeled with the red
arrow moves diagonally from the upper left to the approximate center of the image. At 6.5 h it branches and moves toward the right. The cell labeled with a green arrow
remains relatively still from 0 to0.4 h. At this point, it begins to move upward and curves to the left, moving out of view at 8.5 h. (B) The percent of migrating cells extending
new processes was evaluated in normal and MAM-treated slices. After MAM treatment, migrating cells extended fewer new processes and displayed fewer turns/changes in
the direction of movement. n= 23 slices/366 cells (MAM-treated), 21 slices/239 cells (normal); *P≤ 0.05, Student’s t-test. Error bars = standard error of mean.

Figure 5. Tracks of cells in normal and MAM-treated slices. (A) The positions of migrating cells were tracked every 30 min over a period of 24 h. Each cell is indicated with a
different color and a number. This is an example taken from a normal cortex. (B) The tracks of cells leaving the ganglionic eminence (GE) of MAM-treated cortex are indicated
here. The position of each cell is illustrated with a different color and number. The cells leaving the normal GE show more variability in their route, compared with those leaving
the GE of MAM-treated brains. The numbers on the x- and y-axes indicate the size of the area of the neocortex analyzed while the length of each track indicates a rough
estimate of the distance traveled in micrometers. The outline of ferret cortex in A and B indicates the approximate path of cell movement (red arrow). Each red dot indicates
where a traveling cell made a change in the direction of movement that was at least 45° from the original path.
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GABAAα2 and GABAAα3 receptor subunits using western blots.
GABAAα2 and GABAAα3 show high expression in both the
neocortex and GE early in development, and may play impor-
tant roles in migration and other developmental events in GE
cells (Laurie et al. 1992; Poulter et al. 1992; Fristchy et al.
1994; Wang and Kriegstein 2009; Carlson and Yeh 2010). In
our study, both α2 and α3 subunits are increased in MAM-
treated cortex compared with normal, furthering support for
increased GABAA-mediated activity in our model animals
(Fig. 8A,B).

To further evaluate the potential of altered environmental
GABA to influence migration, we established the amount of
KCC2 in normal and MAM-treated cortex. During develop-
ment, KCC2 maintains a high extracellular Cl− gradient and
induces hyperpolarization of cells in response to GABA,
playing a role in the developmental switch from the
GABA-induced depolarization to hyperpolarization, which
may also terminate cell migration (Rivera et al. 1999; Bortone
and Polleux 2009). After MAM treatment, both monomeric
and oligomeric forms of KCC2 were increased in the neo-
cortex as demonstrated using western blots (Fig. 8C, right
upper panel, also see Fig. 9). Furthermore, ratiometric analy-
sis reveals a decrease in KCC2 monomer:oligomer ratio
(Fig. 8C, right lower panel).

Discussion

The dynamic behavior of migrating interneurons, influenced
by both intrinsic and environmental factors, plays an

important role in the proper positioning of these cells in the
neocortex. We developed a model of cortical dysplasia in
ferrets by interrupting the development of layer 4 cells, result-
ing in abnormal placement of specific populations of inter-
neurons (Noctor et al. 1999; Poluch et al. 2008). In this study,
we show that transient and layer-specific interference with
corticogenesis leads to: 1) alterations in the basal activity of
GABAA and in KCC2 expression and that 2) this change di-
rectly influences the migratory behavior of cells leaving the
GE and CVZ-derived cells to a lesser extent. These findings
directly and uniquely implicate increased GABAAR and KCC2
activity in impairing dynamic aspects of migration and in the
ability of GE-derived cells to actively explore the environment
during migration to the cerebral cortex. We demonstrate that
details of migration not shown before involving active ex-
ploration are strongly influenced by ambient GABAAR and
KCC2 activity. This may underlie the modified migratory be-
havior of later born interneurons.

Ferrets signify a valuable developmental model. As the
smallest mammal with a convoluted cortex, they represent an
important link between studying lissencephalic rodents and
nonhuman primates. Several groups identified important de-
velopmental features in ferrets, including our previous find-
ings that many neurons populating the neocortex are
generated in lateral portions of the GE (Poluch et al. 2008).
Several recent articles describe a distinct outer sub-VZ (oSVZ)
in ferrets, a region found in primates, and suggest that this
region may be important for generating cells that populate
and expand the gyrencephalic neocortex (Fietz et al. 2010;

Figure 6. Administration of bicuculline (BMI) at different doses (1, 10, and 100 μM) to MAM-treated slices results in an increase in the speed and exploratory behavior of
migrating cells for all doses tested. MAM-treated slices were placed in culture with BMI added to the medium. (A) The addition of BMI significantly increased the speed of
migration in the treated slices at all doses tested. Speeds were significantly different from the MAM-treated condition. One-way ANOVA followed by the Tukey post hoc test,
*P≤ 0.05. (B) Adding 10-μM BMI to the media of normal organotypic cultures decreases the speed of migration. Student’s t-test, *P≤ 0.05. (C) The addition of BMI also
improved the ability of MAM-treated cells to extend processes. One-way ANOVA followed by the Tukey post hoc test, *P≤ 0.05. The number of turns in the direction of
movement after MAM treatment increased only with the highest dose of BMI. ANOVA followed by the least significant difference post hoc test, *P<0.05. (D) Adding 10-μM
BMI to the media of normal organotypic cultures does not affect exploratory behavior: extending a process or turning. Significant differences are shown for comparison with the
MAM-treated condition (A,C) or with the normal condition (C,D). Speed: n= 467 cells (MAM-treated),179 cells (MAM-treated + 1 μM BMI), 350 cells
(MAM-treated + 10 μM BMI), 204 cells (MAM-treated + 100 μM BMI), 411 (normal + 10 μM BMI); exploratory behavior: n= 23 slices/366 cells (MAM-treated), 8 slices/103
cells (MAM-treated + 1 μM BMI), 22 slices/161 cells (MAM-treated + 10 μM BMI), 12 slices/116 cells (MAM-treated + 100 μM BMI), and 23 slices (normal + 10 μM BMI).
Error bars = standard error of mean.
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Lui et al. 2011; Reillo and Borrell 2011; Reillo et al. 2011). The
oSVZ contains a population of cells called outer radial glia
(oRG; also called tRG), which appear to be the cell type
responsible for generating additional cortical cells leading to
the expansion of the developing cortex. This idea is contested
recently by a group suggesting that the outer SVZ in ferrets
does not differ substantially from that region in the rat
(Martinez-Cerdeno et al. 2012). Nevertheless, these examples

demonstrate the importance of studying developmental pro-
cesses using several animal models.

MAM Treatment Alters the Dynamic Behavior of Cells
Migrating from the GE
The ability of migrating GE-derived cells to reach appropriate
positions within the neocortex depends on the concerted

Figure 7. Effect of MAM treatment on the speed of migration and exploratory behavior of cells leaving the cortical ventricular zone (CVZ) to the neocortex. (A) There were no
significant differences in the speed of migration of cells leaving the CVZ from either normal or MAM-treated slices, although the cells leaving the CVZ in MAM-treated slices
tended to move more slowly (P< 0.06, Student’s t-test). n= 191 cells (normal) and 185 cells (E33 MAM). (B) No differences were observed in the ability of cells leaving
the CVZ to extend processes or change the direction of movement or turn. Exploratory behavior: n= 13 slices/85 cells (normal) and n= 12 slices/75 cells (MAM-treated).
(C) Treating normal cells leaving the CVZ with BMI showed that 10-μM BMI caused a significant reduction of speed. Adding 10 μM of BMI to the MAM-treated organotypic
cultures, however, resulted in an increase in migration speed of the cells leaving the CVZ. n= 273 cells (normal + 10 μM BMI), n= 226 cells (MAM-treated + 10 μM BMI).
One-way ANOVA followed by the Tukey post hoc test, *P≤ 0.05. (D) The cells leaving the CVZ showed no differences between normal and MAM treated in their ability of
extend a process or turn. Adding BMI did not result in any significant differences between groups. n=25 slices/192 cells (normal + 10 μM BMI) and n=18 slices/142 cells
(MAM-treated + 10 μM BMI).

Figure 8. Expression of GABAA receptor subunits and KCC2 following treatment with MAM. (A) Treatment with MAM results in an increase in the expression of GABAAα2, and
(B) GABAAα3 receptor subunits in the neocortex as demonstrated by western blots. (C) Both monomeric and oligomeric forms of KCC2 are increased (top bar graph) with
significant elevation in the ratio of KCC2 oligomer:monomer (bottom graph). Protein levels were determined by densitometric analysis using ImageJ software. For both normal
and MAM-Tx animals, n=4. Significance determined using the Student’s t-test, P≤ 0.05 Error bars = standard error of mean.
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action of extrinsic factors within the neocortex and intrinsic
signaling mechanisms that inhibit, facilitate, and guide
migrating neurons (e.g., Anderson et al. 1997; Powell et al.
2001; Lopez-Bendito et al. 2003, 2008; Polleux et al. 2003;
Stumm et al. 2003; Alifragis et al. 2004; Flames et al. 2004;
Cuzon et al. 2006; Cobos et al. 2007; Liodis et al. 2007; Frio-
court et al. 2008). Events leading to changes in neocortical ar-
chitecture may cause variability in the environment that alters
the pattern of migration of neuronal cells and results in abnor-
mal cell positioning and cortical dysplasia. In our model of
cortical dysplasia, layer 4 of ferret neocortex is diminished re-
sulting in widespread termination of thalamocortical afferents
(Noctor et al. 2001; Palmer et al. 2001), redistribution of
GABAA receptors and parvalbumin and calbindin positive
interneurons (Jablonska et al. 2004; Poluch et al. 2008), and
changes in the sequence of information transfer in the soma-
tosensory cortex (McLaughlin and Juliano 2005). To better un-
derstand the mechanisms contributing to the redistribution of
interneurons, we evaluated several parameters of migratory
behavior in GE-derived cells. Cells leaving the GE in normal
animals migrated significantly faster compared to similar cells
in MAM-treated animals. In addition, GE-generated neurons in
MAM-treated animals exhibited less exploration of the neocor-
tical environment. Exploratory behavior, including extension
of multiple leading processes and changes in direction of
movement, results from coordinated signaling from various
sites, which communicate cues that determine the final
location of these cells. The change in the speed of migration
and exploratory activity of interneurons following treatment
with MAM therefore has important implications on the overall
positioning of cells within the neocortex.

Inhibiting GABAAR-Mediated Activity Improves
Migration of Interneurons in MAM-Treated Animals
GABA is an important influence on migrating cells, although
its precise role in the migration of telencephalic cells is
complex. GABA receptors are important during different
phases of migration and mediate aspects of the initiation, con-
tinuation, and termination of cellular movement (Behar et al.
1996, 2001; Bolteus and Bordey 2004; Heck et al. 2007;
Bortone and Polleux 2009). Cuzon et al. (2006) report that
GABAA activity is present throughout the path of migration of
mouse cells moving from the GE into the neocortex, but in-
creases in activity as neurons approach and enter their cortical
target. Our studies suggest that MAM treatment results in in-
creased ambient GABAA-mediated activity, which may inter-
fere with migration of cells exiting the GE as they move en
route to the neocortex before the final phase identified by
Cuzon et al. 2006. This is supported by our original obser-
vation of expanded GABAAα immunoreactivity in MAM-
treated cortex (Jablonska et al. 2004) and the current finding
of increased GABAAα2 and GABAAα3 receptor subunits as de-
monstrated by western blot. Both α2 and α3 subunits of the
GABAA receptor are expressed early during development and
may mediate the initial roles of GABA (Laurie et al. 1992;
Poulter et al. 1992; Fristchy et al. 1994; Carlson and Yeh
2010). This assists in explaining our finding that elevated
levels of GABA interfere with migration of cells leaving the
GE to slow the pace but not prevent their movement.

To investigate the involvement of GABAA-mediated trans-
mission in the migration of interneurons, we manipulated the
level of GABAA activity in MAM-treated organotypic cultures
using BMI to reduce the ambient GABAA activity. We

Figure 9. Examples of GABAAR function in the development of normal and MAM-treated cortex. (A) depicts normal receptors that show higher expression of NKCC1 during
early development and low expression of KCC2 (on the left). As they mature, the receptors express higher levels of KCC2 and lower levels of NKCC1 (on the right). The high
NKCC1 levels allow easier migration of cells and the excitatory action of GABAAR. As the cells mature, the shift to KCC2 slows migration and results in the inhibitory action of
GABAARs. (B) shows a hypothetical cell that expresses GABAAR after MAM-treatment. This cell shows high levels of GABAAR and KCC2, which slows migration and encourages
the inhibitory action of GABAAR. The expression levels of KCC2 during development (left) are similar to those as the cells mature (right). (C) Blockade of GABAAR with BMI
lowers the action of KCC2 and results in more normal actions during development in MAM-treated cells (on the left). As the cells mature, the GABAAR activity remains high (on
the right). Levels of ambient chloride levels as a result of the expression of 2 cation-chloride transporters, KCC2 or NKCC1 are indicated.
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predicted that limiting the increased GABAA activity would
change the cellular actions in MAM-treated cortex to be more
like normal. In fact, blocking GABAA activity in MAM-treated
animals resulted in significant enhancement of the migration
speed of cells leaving the GE as well as increasing the percen-
tage of MAM-treated GE-derived cells extending more than
one leading process changing their direction of movement.
The property of migration speed was more susceptible to
manipulation than exploratory behavior. All concentrations of
BMI increased the speed of MAM-treated migrating GE-
derived cells, while only the highest BMI concentration
resulted in the improvement of turning behavior. These dis-
tinctions reflect differences in the sensitivity of migratory be-
havior to variations in GABAAR activity. Overall, however,
these findings suggest that reducing the effectiveness of ab-
normally high ambient GABAAR in the MAM-treated ferret en-
courages migratory activity to become more normal.

In control animals, blockade of GABAAR activity impairs
the speed of migration without significant impact on the
exploratory behavior. This suggests that an optimum level of
GABAAR activity is important for proper migration of cells
originating from the GE, since both abnormally high levels of
GABAAR (as in MAM-treated animals) and pharmacological
inhibition of GABAAR in normal animals (which contain an
optimal level of GABAAR activity) reduced the migratory
speed. Inada et al. (2011) also report that activation of
GABAAR causes increased motility of interneurons, while
blockade of GABAAR results in longer periods of inactivity, a
finding that correlates with our results in normal cells.

Increased GABA Signaling Interferes with Migration
Both GABAAα2 and GABAAα3 expression are increased in
MAM-treated animals compared with controls. Does increased
GABAAα expression in MAM-treated animals alter the dynamic
behavior of GE-derived cell migration? It has been known for
several years that GABA acts as an excitatory neurotransmitter
early in development, which helps facilitate cell migration,
but switches to mediate inhibition as cells mature (Plotkin
et al. 1997; Clayton et al. 1998; Rivera et al. 1999). The dual
role of GABA is attributed to the temporal expression of 2
cation-chloride transporters, sodium-potassium-chloride
(NKCC1), and KCC2. Migrating neurons initially express
NKCC1, which imports chloride ions (Cl−) into the cell to
maintain a higher intracellular Cl− concentration (Clayton
et al. 1998). In response to GABAA activation, the outward
movement of Cl− results in depolarization of the cells and trig-
gers Ca2+-mediated events that influence the cytoskeleton and
stimulate migration (Behar et al. 2001; Soria and Valdeolmil-
los 2002). As cells mature, NKCC1 downregulates and
coincides with increased expression of KCC2 (Plotkin et al.
1997). KCC2 is a Cl− exporter that maintains a higher extra-
cellular gradient of Cl−. Consequently, GABAA activation
when KCC2 is increased results in hyperpolarization and cell
inhibition (Payne 1997; Rivera et al. 1999). Interestingly, in
dissociated hippocampal cell cultures, activation of GABAAR
induces the expression of NKCC1 and KCC2 (Ganguly et al.
2001). In addition, pharmacologic blockade of GABAA

delayed the expression of KCC2, while increased activity of
GABAAR induces precocious expression of the transporter.
Premature expression of KCC2 as a result of a heightened
state of GABAA-mediated activity, as we see here, may be

responsible for the migration defects observed in MAM-
treated ferrets. KCC2 is implicated in several important pro-
cesses, including decreased motility as a neuron migrates,
which leads to cell slowing, stopping, and differentiating. As
a consequence, a premature switch of the GABAA response
may occur and produce early arrest of migrating interneurons
(Fig. 9). Bortone and Polleux 2009 demonstrated that depolar-
ization through GABAA receptors stimulates motility of GABA-
ergic migrating neurons while hyperpolarization of GABAA

receptors, induced by KCC2 expression, provides a stop
signal for migrating cells. We observed increased expression
of both KCC2 monomer and oligomers in the neocortex of
young MAM-treated animals. KCC2 is initially expressed as
monomeric protein; monomeric KCC2 gradually forms oligo-
mers, which represent the functional unit of the protein and
allow the characteristic inhibition to occur (Blaesse et al.
2006). The ratio of KCC2 monomer to oligomer correlates
with the functional state of the protein; more mature cells
have higher levels of oligomers. In our study, the ratio of
KCC2 monomer to oligomer was “reduced” in MAM-treated
animals (i.e., indicating a higher level of oligomers), which
suggests greater potential for activity of this transporter in our
model animals. Oligomerization of KCC2 is an important step
in the activation and function of KCC2 as a Cl− exporter
(Blaesse et al. 2006). Although others have demonstrated that
GABAAR and KCC2 activity are involved in neuronal
migration, we demonstrate here that high endogenous levels
of these substances directly interfere with migration. In
addition, they appear specifically important in dynamic and
exploratory behavior in cells leaving the GE.

MAM Treatment has Minimal Effect on the Profile
of Migrating Cortical VZ Derived Cells
To determine whether the effect of MAM treatment on the dy-
namics of migration is restricted to interneurons alone, we
also investigated the migratory behavior of neurons arising
from the cortical VZ. Our earlier study suggested that the
primary migration defect in MAM-treated animals was in inter-
neurons (Poluch et al. 2008). Our findings here suggest that a
high level of GABAARs interferes with migration, whether the
cells originate from the neocortex or the GE. The cells leaving
the GE are the most likely to be affected and show the most
obvious defect. When we assessed the migration speed of
CVZ cells in MAM-treated animals, it was reduced but the
deficit was not significant. Adding BMI to the media of
control or MAM-treated organotypic cultures caused the
speed of the control cells to decrease, while that of MAM-
treated CVZ-derived cells increased. This result is similar to
our observation of changes in the speed of normal and MAM-
treated cells leaving the GE. We interpret this to mean that
since the level of GABAAR in MAM-treated animals is high in
the neocortex, interference with GABAAR activity causes the
MAM-treated cells leaving the CVZ to move at a normal speed,
while the normal cells are slowed down by the blockade of
GABAAR, similar to the findings of Inada et al. (2011). In
regard to exploratory behavior of cells leaving the CVZ, we
did not observe any significant differences between cells in
normal animals and those that received MAM treatment, indi-
cating the impact might be restricted to tangentially migrating
interneurons. Although it is not entirely clear why MAM-
treatment differentially affects the migration of GE- versus
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CVZ-derived cells, a number of reports emphasize the more
extensive and tortuous course of interneurons, which may
influence their migration patterns. The differential impact of
MAM-treatment on the dynamic behavior of GE- and
CVZ-derived cells relative to normal cells may also reflect the
different neurogenic origin of the 2 cell populations that
migrate under the influence of similar, but not identical, sig-
naling mechanisms (Marin and Rubenstein 2003).

Summary

A plethora of signaling molecules influence migrating inter-
neurons. GABA initially appears to act as a stimulating signal
to facilitate migration and then as a stop signal to arrest the
migratory process, an effect that correlates with the sequential
expression of NKCC1 and KCC2. An appropriate level of
GABA is necessary for the proper migration and positioning
of interneurons. Our data suggest that following treatment
with MAM, the basal level of GABAA activity increases, and
the elevated level of GABAA activity impairs the migration of
interneurons, and to a lesser extent cells arising from the
CVZ, through premature expression of KCC2. Thus, treat-
ments that decrease the level of GABAA activity enhance the
migration of MAM-treated interneurons in part by interfering
with the action of KCC2.
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